Macrophages are potent elicitors of inflammatory reactions that can play both positive and negative roles in radiotherapy. While several studies have investigated the effects of X-rays or gamma-rays on macrophages, virtually no work has been done on the responses of these cells to irradiation with carbon ions. Investigations into the effects of carbon ion irradiation are of particular interest in light of the fact that this type of radiation is being used increasingly for cancer therapy. In the present investigation we compared the effects of 250 kV X-rays with those of 9.8 MeV/u carbon ions on RAW 264.7 macrophages over a wide range of radiation doses. Macrophage functions including vitality, phagocytic activity, production of the proinflammatory cytokines IL-1β and TNFα and production of nitric oxide (NO) were measured. In comparison to lymphocytes and fibroblasts, macrophages showed only a small decrease in vitality after irradiation with either X-rays or carbon ions. Proinflammatory cytokines and NO were induced in macrophages by LPS but not by irradiation alone. X-rays or carbon ions had little modulating effect on LPSinduced TNFα production. However, LPS-induced NO increased in a dose dependent manner up to 6-fold after carbon ion irradiation, while X-ray irradiation did not have this effect. Carbon ion irradiation mediated a concomitant decrease in IL-1β production. Carbon ions also had a greater effect than X-rays in enhancing the phagocytic activity of macrophages. These results underscore the greater potential of carbon ion irradiation with regard to radiobiological effectiveness.
INTRODUCTION
Macrophages occupy a central position in the immune system, being active both in innate and adaptive immune responses. They are potent producers of proinflammatory cytokines including IL-1β, IL-6 and TNFα. When these cytokines are produced in moderate amounts, they induce mild inflammation reactions and contribute greatly to defense mechanisms directed against pathogens and to the healing process in general. If they are produced in particularly large amounts or continually during chronic illnesses, this can lead to various disorders such as coronary insufficiency, thrombus formation, hypoglycemia, and in some cases even to shock and death. 1) Macrophages also produce nitric oxide (NO), which serves as an antimicrobial agent in the fight against infections, and has anti-tumor properties as well. 2, 3) In addition, NO can directly influence the expression of proinflammatory cytokines. 4, 5) Because macrophages are primary producers of proinflammatory cytokines and NO, they have been implicated as contributing to the formation and progression of various side effects such as fibrosis and pneumonitis often occurring after therapeutic irradiation. Indeed, the proinflammatory cytokines found most frequently in such cases include IL-1β, TNFα and IL-6. [6] [7] [8] [9] Macrophages have been reported to be relatively resistant to the effects of irradiation with X-rays as far as cell viability is concerned. 10, 11) Nevertheless, the question arises as to what effects radiation might have on the production or modulation of proinflammatory cytokines and NO in these cells.
It is not clear, for example, whether irradiation alone can induce the production of proinflammatory substances in macrophages. Results of investigations with X-rays have been contradictory. Some studies have reported that irradiation alone induced macrophages to express TNFα [12] [13] [14] or IL-1β, 15, 16) while others have found that irradiation alone did not have these effects. 10, 11) We were therefore particularly interested in determining whether carbon ion irradiation alone could induce macrophages to proinflammatory cytokine and NO production. Studies involving heavy charged particle irradiation of macrophages have been rare. An earlier report examined the effects of low energy proton radiation on the viability as well as oxygen and NO production of alveolar macrophages from rats. 17) One other investigation reported more recently on the induction and processing of oxidative clustered DNA lesions in a human macrophage cell line irradiated with 56 Fe ions. 18) However, virtually no investigations to date have examined the effects of carbon ion radiation on macrophages, especially with regard to the production of proinflammatory substances. Such studies are decidedly relevant, as it has been suggested that ongoing inflammatory-type responses are also a contributory factor for delayed radiation-induced genomic damage. 19) Ion radiotherapy represents an ideal tool for treatment of deep-seated tumors. 20) In contrast to X-rays or gamma-rays, charged particles such as protons and heavier ions have an inverse depth-dose profile in which the dose increases with depth. For carbon ions in particular there is an additional increase in biological effectiveness towards the end of the particle path. 20) With the appropriate beam delivery techniques, the effective region can essentially be focussed to the tumor volume. 20, 21) Investigations into the effects of carbon ion irradiation are becoming increasingly pertinent in light of the rapidly growing interest in this type of radiotherapy. For example, in a few years Europe will host many hospitalbased centers that offer ion therapy. 22) Also, an expansion of carbon-ion cancer therapy facilities is underway in Japan as a result of the accumulating numbers of protocols using this type of therapy over the past few years. 23) Therefore, further detailed characterization of the effects of charged particles on normal, vital tissue as well as tumors is essential.
In the present report we compared the effects of 250 kV X-rays with those of 9.8 MeV/u carbon ions on murine RAW 264.7 macrophages. The parameters studied included cell vitality, phagocytic activity, production of the proinflammatory cytokines IL-1β and TNFα and production of inducible NO.
MATERIALS AND METHODS

Cells and cell culture
The murine monocyte/macrophage RAW 264.7 cell line (TIB-71) was obtained from American Type Culture Collection (Rockville, MD, USA). We used this cell line in our investigation because it represents a stable cell line that has been used as a standard in many studies. Human lymphocytes were isolated from buffy coats (DRKBlutspendedienst Baden Württemberg/Hessen) by means of centrifugation in a Ficoll-Hypaque solution (density, 1.077 g/ml) for 35 min at 400 × g at room temperature without braking. Monocytes were removed by repeated adherence on plastic tissue culture dishes. Macrophages and lymphocytes were cultivated in RPMI 1640 medium (Sigma-Aldrich Chemie GmbH, Taufenkirchen, Germany) supplemented with 10 mM HEPES, 100 U/ml penicillin/streptomycin and 2 mM L-glutamine and 10% (v/v) FCS (Perbio Science Deutschland GmbH, Bonn, Germany), which contained less than 0.02 ng LPS/ml. Normal foreskin fibroblasts AG1522B (Coriell Institute for Medical Research, Camden NJ, USA) were cultivated in EMEM fibroblast medium (BioWhittaker PAN Systems, Walkersville, MD, USA) supplemented with 20% FCS and 100 U/ml penicillin/streptomycin. Incubation was carried out in a cell culture incubator (BBD6220; Kendro-Heraeus Instruments, Hanau, Germany), at 37°C under a humidified atmosphere with 5% CO2.
Irradiation of the cells
Low energy carbon ions were delivered using the linear accelerator UNILAC of the Gesellschaft für Schwerionenforschung, Darmstadt, Germany. The primary energy of the carbon ions was 11.4 MeV/u. At sample position the energy was 9.8 MeV/u having a LET of 170 KeV/ μm. For each experiment, 5 × 10 5 cells/ml RAW 264.7 macrophages were seeded at least 24 h before irradiation in 3.5 cm culture dishes to achieve complete adherence. The culture plates were irradiated in a vertical position perpendicular to the beam. During irradiation the particle fluence (dose) was measured by an ionization chamber using CR39 nuclear detectors as a reference. A detailed description of the irradiation procedure is given elsewhere.
24) The time elapsing between removal of the cells from the incubator for irradiation until re-cultivation after irradiation was 10-20 min.
As a reference, irradiation of the cells with X-rays was carried out in an apparatus (Model IV320-13) from the company Seifert (Ahrensberg, Germany) at 250 kV and 16 mA. The dose rate was about 2 Gy/min. The dose was determined with the help of a dosimeter model DL4 (PhysikalischTechnische Werkstätten Dr. Pychlau GmbH, Freiburg, Germany).
LPS
LPS I from Proteus mirabilis was extracted and purified to remove contaminating nucleic acids and proteins as described previously. 25) LPS was applied in a concentration of 1 μg/ml. This amount gave in previous studies 25, 26) optimal cytokine responses for detecting both positive and negative regulatory effects. LPS was applied after irradiation to avoid pre-stimulation of the macrophages, which might have made them refractive to the effects of irradiation.
Measurement of vitality
The vitality or metabolic activity of the macrophages before and after irradiation was measured by the dehydrogenation of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolimbromid (MTT). 1 × 10 6 cells were seeded into 3.5 cm culture dishes. Portions were irradiated with low energy carbon ions (9.8 MeV/u) or 250 kV X-rays. The dose in each case was 0-32 Gy. The cells were stimulated with 1 μg/ml LPS for 24 h or 48 h. Thereafter, the medium was replaced by fresh medium containig 5 mg MTT/ml and the cells were further incubated. The reaction was stopped after 45 min by removing the MTT medium. The formazan crystals that had formed were solubilized by adding 1 ml of acid isopropanol (0.04 N HCl in isopropanol) to each dish and aspirating vigorously with a pipette. The optical density of the solution was measured in a spectrometer at a wavelength of 570 nm with a reference at 690 nm.
Measurement of cytokine production
Irradiated and non-irradiated macrophages (1 × 10 6 cells) in 1 ml in 24-well culture dishes were stimulated for 24 h with 1 μg/ml LPS. Thereafter, supernatants and cell lysates were collected and measured for cytokine production. TNFα was measured in the culture supernatants using ELISA reagents (R&D Systems GmbH, Heidelberg, Germany) according to the protocol provided by the manufacturer. IL-1β was measured in the cell lysates 25, 26) using ELISA reagents from R&D Systems, according to the protocols of the manufacturers. Absorption was determined in an ELISA Bio Tek EL808 reader (Bio Tek Instruments, Winooski, Vermont) at 450 nm with a reference at 690 nm.
Measurement of nitric oxide production
Irradiated and non-irradiated RAW 264.7 macrophages (1 × 10 6 cells) in 1 ml in 24-well culture dishes were stimulated for 24 h with 1 μg/ml LPS. Control cultures not treated with LPS were included. After the incubation period NO was measured as nitrite 27) in the cell supernatants using a modified Griess reagent.
Measurement of phagocytic activity
The phagocytic activity of RAW 264.7 macrophages before and after irradiation was measured by counting the number of internalized Latex beads (diameter 1.1 μm). For this purpose, 1 × 10 6 cells (irradiated or non-irradiated) were seeded into 3.5 cm culture dishes and activated with 1 μg/ml LPS for 24 h. A portion of the cells was incubated for 24 h without LPS. Thereafter, Latex beads contained in culture medium were added at a ratio of 100:1 (beads to cells) and the cells were incubated for 1 h. Non-phagocytized beads were removed by vigorous washing five times in PBS. The cells were fixed with 2.5% glutaraldehyde for 1 h and then washed twice with PBS. Determination of the number of phagocytized beads was performed visually using a Leica DMIL microscope in phase contrast. For each sample, 500 cells were evaluated.
RESULTS
Effect of ionizing radiation on the vitality of RAW 264.7 macrophages
Results of earlier investigations by others have shown that macrophages are relatively resistant to irradiation with Xrays. 10, 11) In the present study we compared the effects of Xrays and carbon ion irradiation on the vitality of RAW 264.7 cells using the MTT test. While this test is not a direct measurement of viability or survival, it does give a good indication of metabolic activity of the cells, which we refer to as vitality. We were particularly interested in comparing the effects that radiation would have on this activity with radiation effects on other parameters such as cytokine and NO production. Metabolic activity of the macrophages was measured 24 h after irradiation, as this represented the time of peak production of cytokines and NO by macrophages after activation by LPS. 25, 26) We applied a very broad range of radiation doses. For example, we irradiated with low doses of 0.25 Gy-2 Gy, which represented the therapeutic relevant dose range. As we saw in the first vitality studies that there were no changes in this low dose range, we gradually increased the doses up to 32 Gy, to see if increasing the dose would cause some visible effect. Although these high doses may not be therapeutically significant, they are none-the-less of interest experimentally.
The results are presented in Fig. 1 . After irradiation with 250 kV X-rays, macrophages (open circles) showed very little loss of vitality (metabolic activity) when compared with effects on lymphocytes (closed triangles) and fibroblasts (closed squares). There were no significant differences between the responses of all cell types up to irradiation with 2 Gy. As the radiation dose increased, macrophages were significantly more resistant to loss in metabolic activity than were lymphocytes and fibroblasts. Vitality measurements of macrophages after carbon ion irradiation (Fig. 1, closed circles) were similar to those seen after X-ray treatment. Thus, there was essentially no difference between the effects of Xray or carbon ion irradiation on macrophage vitality.
Effect of ionizing radiation on the production of proinflammatory cytokines
To test whether the production of proinflammatory cytokines could be induced or modulated by irradiation alone, macrophages were treated with various doses of either 250 kV Xrays or 9.8 MeV/u carbon ions. A portion of the cells was also stimulated with LPS. Cytokines were measured 24 h after treatment of the macrophages, as peak responses to LPS were determined previously to occur around this time. 25, 26) The effects on TNFα production are presented in Fig. 2 . The results clearly show that irradiation alone with either X-rays ( Fig. 2A) or carbon ions (Fig. 2B ) even up to 32 Gy did not induce macrophages to produce TNFα. In contrast, LPS activation of macrophages elicited potent TNFα production, but this was not modulated appreciably by irradiation. The reduction in TNFα responses after X-ray irradiation in Fig. 2A is significant (p = 0.022) by the student's t-test, if the responses to low doses (0 Gy-4 Gy) are compared to those after high doses (4-32 Gy).
We also tested the effects of irradiation on IL-1β production (Fig. 3) . Again, there was no induction of IL-1β in murine macrophages by irradiation with X-rays or carbon ions alone (Fig. 3A&B closed circles) , but a strong induction of this cytokine occurred after LPS stimulation. Irradiation of LPS-activated RAW 264.7 macrophages with carbon ions (Fig. 3B) caused an appreciable dose dependent decrease in IL-1β production. This modulation did not occur with X-ray irradiation (Fig. 3A) .
Effect of ionizing radiation on the production of NO
Similar to the results of experiments on TNFα and IL-1β production, irradiation of RAW 264.7 macrophages alone with either X-rays or carbon ions even up to 32 Gy was not sufficient to induce the generation of NO by these cells (Fig.  4A&B, closed circles) , but a strong NO production (measured as nitrite) was seen after LPS stimulation (open circles). Irradiation of LPS-activated cells with X-rays at doses between 0.25 Gy and 2 Gy caused a decrease in the NO concentration, which was consistently seen in repeated experiments. A similar reduction in NO at low X-ray doses between 0.6-1.25 Gy has been reported by others. 28) When LPS-activated cells were irradiated with doses of X-rays over 2 Gy, the concentration of NO rose back up to the levels produced by non-irradiated cells, but not higher. The decrease in NO production after irradiation with low doses of X-rays was not seen in cultures irradiated with carbon ions. Indeed, carbon ion irradiation had just the opposite effect on LPS-induced NO production by macrophages. In this case, NO production was considerably enhanced in a dose dependent manner (Fig. 4B) , even at relatively low radiation doses (insert). Although the figure presents data from one representative experiment, it must be stressed that these results were seen consistently in repeated experiments.
Effect of ionizing radiation on the phagocytic activity of macrophages
Apoptotic cell death is a common feature after exposure to ionizing radiation in vivo and in vitro. responsible for the phagocytic clearance of apoptotic cells. It has been reported that phagocytosis of radiation-induced apoptotic cells can activate macrophages, leading to the induction of an inflammatory response in the surrounding tissue by the release of cytokines. 29, 30) It was therefore of interest to test the effects of carbon ion irradiation on the phagocytic ability of macrophages. Phagocytosis was measured by counting internalized latex beads. The latex beads have a size of 1.1 μm in diameter, which is approximately the size of apoptotic bodies. The results are presented in Fig. 5 .
Non-irradiated resting macrophages (Fig. 5 , closed circles) phagocytized 3-5 beads per cell, while LPS-activated, non-irradiated cells (open circles) engulfed approximately 7 beads per cell. Activated macrophages irradiated with X-ray doses between 0.25 Gy and 1 Gy (Fig. 5A, open circles) showed slightly decreased phagocytic activity which may be coupled with an anti-inflammatory effect of low X-ray doses reported by other investigators. 6, 31) However, this decrease was not significant in our study, and it was not observed at all after carbon ion irradiation (Fig. 5B) . Compared to the effects of X-rays, RAW 264.7 cells irradiated with carbon ions (Fig. 5B) showed a greater phagocytic activity. In this regard, the phagocytic activity of LPS-activated macrophages irradiated with carbon ions at a dose of 8 Gy was enhanced 3.0-fold over that of non-irradiated cells, while Xray irradiated cells mediated only a 1.2-fold increase at the same dose. The increase in the phagocytic activity of C-ion irradiated cells compared to non-irradiated cells (Fig. 5B 
DISCUSSION
Previous studies by others have shown that macrophages are relatively resistant to the effects of X-ray and gamma-ray irradiation. 10, 11) We extended these findings to show that macrophages are also resistant to impairment of metabolic activity by irradiation with low energy carbon ions. Indeed, there were no differences in the effects of similar doses of X-rays or carbon ions on macrophages as measured in the MTT test.
Ionizing radiation is one of oxidative stress, so that the radioprotective response depends in part on antioxidant defense systems. 32) The radiation resistance of macrophages might thus be explained by the fact that macrophages are particularly efficient producers of anti-oxidative substances such as the enzyme manganese superoxide dismutase (MnSOD), which can be induced by various agonists including LPS, proinflammatory cytokines, hypoxia and irradiation. Several studies 14, 33, 34) could show, for example, that macrophages produced MnSOD in response to irradiation and that this protected the cells from the damaging effects of radiation-induced radicals. Furthermore, the overexpression of MnSOD mediated enhanced resistance of cells and tissues to irradiation. [34] [35] [36] The natural protective mechanisms of macrophages against radicals serve as a basis for new anti-oxidative gene therapy approaches. In this regard, injection of mice with MnSOD-plasmid-liposome complexes provided significant protection of those tissues from radiation damage. 36) In addition, over-expression of the MnSOD transgene resulted in an unexpected increase in tumor cell toxicity and radiosensitization, apparently due to the production of H2O2 by the action of MnSOD. 37) Our present study clearly showed that irradiation of RAW 264.7 macrophages alone with either X-rays or carbon ions up to doses of 32 Gy did not induce the production of the proinflammatory cytokines TNFα and IL-1β or the reactive nitrogen species NO. Production of these substances could only be detected in macrophages after LPS activation.
Our results are in contradiction to some studies using Xrays or gamma-rays. For example, Hachiya et al. 14) found between 100 und 330 pg/ml of TNFα in supernatants of irradiated macrophage cultures, while other investigators reported detection of TNFα mRNA in irradiated macrophages. 12, 13) Similarly, IL-1β mRNA was found in peritoneal macrophages after irradiation of mice in vivo. 15, 16) On the other hand, Pons et al. 10) and Hildebrandt et al. 11) could detect neither TNFα nor IL-1β in the form of protein or mRNA in macrophages irradiated with gamma-rays. Furthermore, Nowosielska et al. 38) showed that peritoneal macrophages taken from mice irradiated with X-rays did not produce NO if no added stimulus was provided. Significant levels of NO were, however, induced in these cells by treatment with LPS and interferon gamma.
Considering the possibility that different types of macrophages might respond differently to radiation with regard to NO and cytokine production, 19) we are presently investigating the responses of primary, human monocytederived macrophages to X-ray and carbon ion irradiation as a follow-up to this report. Our preliminary results show that these primary, non-proliferating cells are also not able to be induced to NO or cytokine production by radiation alone, but are responsive to LPS. Thus our findings are not unique to RAW 264.7 macrophages.
The reason for conflicting results could lie in differences in the state of activation of the macrophages employed. Pons A B Fig. 5 . Phagocytic activity of RAW 264.7 murine macrophages after ionizing irradiation and activation by LPS. Cells were irradiated with various doses of 250 kV X-rays (A) or 9.8 MeV/u carbon ions (B). A portion of the cells was stimulated with 1 μg/ml LPS directly after irradiation (○), while another portion was not stimulated (•). After 24 h cultivation, latex beads were added in a ratio of 100:1 (beads to cells). The cultures were incubated for 1 h to give the macrophages time to engulf the beads. Thereafter, nonbound or non-phagocytized beads were removed by vigorous washing and the cells were fixed. Phagocytic activity was determined by counting the number of internalized beads per cell in a light microscope under phase contrast. Data from representative experiments are presented, reported as the arithmetic means ± standard errors of the number of beads per cell in 500 cells per sample. et al. 10) point out, for example, that a basal activation of macrophages to cytokine production can occur if the cultures are contaminated with lymphocytes, which can be driven to apoptosis by irradiation. Macrophages might then be activated by phagocytizing the apoptotic cells, which can lead to the induction of an inflammatory response in the surrounding tissue by the release of cytokines. 30) Indeed, the only parameter in our study that could be enhanced by irradiation of macrophages that were not treated with LPS was the phagocytosis of latex beads. Since irradiation alone could not activate macrophages to produce proinflammatory cytokines or NO, this suggests that irradiation did not have a direct effect, but rather the cells were activated by the process of phagocytosis itself. We could not, however, detect production of NO by macrophages which had phagocytized latex beads after exposure to X-rays (data not shown), which would seem to question the interpretation regarding activation by the process of phagocytosis. However, the macrophages might still be activated to a certain basal level by phagocytosis of inert latex beads, but require other, perhaps stronger or more differentiated signals (in this case provided by LPS or radiation-induced apoptotic cells) for induction of NO or cytokine production.
Irradiation with carbon ions was more efficient than Xrays in enhancing the phagocytosis of latex beads by macrophages. Carbon ion irradiation of LPS-activated macrophages gave a 3-fold enhancement at a dose of 8 Gy, while X-rays mediated only a 1.2-fold increase at the same dose. In cultures not treated with LPS there were similar differences between the effects of carbon ion and X-ray irradiation. Increasing the radiation dose above 8 Gy had little additional effect. Tasat et al. 17) reported a 1.3 to 1.4-fold enhancement of the phagocytic activity of alveolar macrophages after irradiation with low energy protons at doses ranging from 10-75 Gy. There was, however, no comparative measurement with X-rays in that investigation.
Particularly conspicuous was the potent enhancement of LPS-induced NO production in macrophages by carbon ion irradiation, but not by X-rays. This was accompanied by a concomitant decrease in IL-1β. A feedback control over IL-1β production mediated by inducible NO in activated macrophages has been reported by several investigators. 26, 39, 40) The exact mechanism of this feedback control is not clear, but is most likely due to the usage of different transcription factors for NO and IL-1β gene expression 41, 42) and the possible competition of these factors for binding elements within the gene promoter regions. 42, 43) Indeed, a wide array of transcription factors are involved in the regulation of the activity of the inducible nitric oxide synthase (iNOS) promoter, and different inducers of iNOS have been shown to activate different signaling pathways. 44) Thus, regulation of iNOS production is extremely complex and is further compounded by the fact that different cell types require different signals for iNOS induction. In this regard, murine and rat macrophages can be stimulated to iNOS production by various substances including LPS, IL-1β, IL-6, interferon-γ, TNFα, or by oxidative stress, whereas human cells require a complex cytokine combination for iNOS induction. 44) Inducible NO production is of special interest in radiotherapy because of its anti-tumor effects, 2, 3) which have been documented in several recent investigations. For example, studies have shown that tumor associated, activated macrophages may radiosensitize tumor cells through the induction of NO synthesis. 38, 45, 46) Our results demonstrating greatly enhanced NO production after carbon ion but not after X-ray irradiation in LPS-activated murine macrophages underscore once again the greater potential of carbon ion irradiation with regard to radiobiological effectiveness. Actual RBE values could not be calculated in our investigation because the radiation responses of the macrophages were qualitatively different after X-ray and carbon ion exposure.
Our further studies are directed towards investigating the effects of carbon ion radiotherapy on primary human macrophages.
